The aspartic transcarbamylase (ATCase) activity of Bacillus 
In sporulating bacteria, net deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) synthesis usually ceases at the end of the exponential phase of growth. Synthesis of new nucleic acid during sporulation appears to proceed at the expense of tumover of preexisting nucleic acids (5) . Since pools of nucleotides are depleted at the end of exponential growth (2) and the growth of the cells is slow, it is unlikely that feedback inhibition or repression of enzyme synthesis accounts for this cessation of nucleotide synthesis. Mature endospores have been shown to be incapable of de novo nucleotide synthesis until after a period of protein synthesis has occurred upon germination (24) . These observations suggest that the enzymes of de novo nucleotide biosynthesis are inactivated during sporulation, and that inactivation of these enzymes may present a means of controlling nucleic acid biosynthesis.
This expectation was given support by Deutscher and Komberg (4) , who reported that aspartic transcarbamylase (ATCase: carbamoylphosphate: L-aspartate carbamoyltransferase, E.C.2.1.3.1), the first enzyme of de novo pyrimidine biosynthesis, was rapidly inactivated at the end of exponential growth in Bacillus subtilis cells. The apparent inactivation was shown not to result from entrapment of the enzyme in cell debris or from the action of an inhibitor in postexponential phase cells. The stability of ATCase to prolonged incubation in extracts of cells in which it is being inactivated tended to exclude proteolysis as the mechanism of inactivation. This conclusion was supported by the observation that ATCase was rapidly inactivated by cells of a protease-negative mutant strain, in which other enzymes are stable. ATCase activity is undetectable in B. subtilis spores and does not return to germinating spores until a period of nucleic acid and protein synthesis has occurred (24) . The formation of ATCase in germinating spores is prevented by chloramphenicol and is repressible by uracil (24) . WAINDLE AND SWITZER ity that the inactivation of ATCase in B. subtilis may represent a novel class of regulatory mechanisms involving specific and semipermanent inactivation of enzymes. We have begun an investigation of the underlying biochemical mechanisms and physiology of the inactivation of ATCase with a view toward clarifying this possibility. This report presents experiments which describe the nutritional and biochemical requirements of the inactivation process in vivo. The results indicate that two conditions are necessary for the inactivation of ATCase by B. subtilis cells: cessation of exponential growth and the availability of metabolic energy (ATP). The energy requirement is not a requirement for nucleic acid or protein synthesis, nor is the enzyme excreted in active form. The inactivation does not appear to be a consequence of generalized proteolysis, but the underlying biochemical nature of the process is still unknown. (This work was presented in part at the Fifth International Spore Conference, Fontana, Wis., 8-10 October 1971.) MATERIALS AND METHODS Bacterial strains. All studies in this paper were conducted with B. subtilis strain 168, which requires tryptophan for growth, or derivatives of this strain. Our stock culture was kindly provided by L. Leon Campbell. Protease-negative mutant strains L-4 and S-87 were isolated by J. H. Hageman and B. C. Carlton and were given to us by J. H. Hageman. Strain HSlA11 (aconitase-negative) and HS1A13 (succinic dehydrogenase-negative) were isolated and characterized by Carls and Hanson (1) and were generously provided by R. S. Hanson.
Media and culture methods. Two complex media were used. The first was supplemented nutrient broth (SNB) containing 0.1% glucose used by Deutscher and Kornberg (4). The second was nutrient sporulation medium (NSM) containing 0.1% glucose as described by Carls and Hanson (1) . When a chemically defined medium was used, the formulation of Cox and Hanson was followed (3) .
Strains 168, L-4 and S-87 were maintained on nutrient agar slants. For growth and sporulation experiments, 5 ml of nutrient medium was inoculated from a slant and allowed to grow overnight in a shaking incubator at 37 C. After 12 to 15 h; the 5-ml starter culture was transferred to 50 ml of fresh nutrient medium and allowed to grow until the culture reached mid-log phase (2-4 h). The 50-ml culture was then transferred to 1 liter of fresh medium and grown with shaking at 37 C. When defined medium was to be used, the 50-ml intermediate inoculum was grown on medium of defined composition. Growth of the culture was measured turbidimetrically using a Klett-Summerson colorimeter with a no. 66 filter. The percentage of refractile bodies was estimated by counting the bacteria in several fields in a phase-contrast microscope.
Tricarboxylic acid cycle mutant strains were reisolated on purification plates prior to use as described by Carls and Hanson (1) . Mutant colonies were picked from purification plates and streaked on blood agar base plates (1) . After 12 h at 37 C, a colony on the blood agar base plate was used to inoculate 50 ml of NSM plus 0.1% glucose. This was allowed to grow to mid-log phase at 37 C with shaking and was then transferred to 1 liter of fresh NSM for the experiment. At the conclusion of experiments using tricarboxylic acid mutants, the cultures were routinely checked for revertants or contaminants on purification plates; none were found.
Preparation of cell extracts. In most experi- The sample was counted with a 100-.uliter sample of the reaction mixture that had not been passed over the Dowex column. The aspartate was made by adding enough "4C-L-aspartate to the 0.05 M cold aspartate so each 0.5-ml reaction mixture would contain 500,000 to 600,000 counts/min. Counting efficiency was uniformly about 45%.
The other method of assaying aspartic transcarbamylase involved a colorimetric determination of the amount of carbamyl aspartate formed. The assay conditions were the same as above except that 50 mM aspartate was used, and the total volume was 1 ml. The reaction was stopped by the addition of 1 ml of 5% perchloric acid. The carbamyl aspartate was determined by the method of Prescott and Jones (20) . For both the colorimetric and the radioisotopic assays, one unit of ATCase activity is defined as that amount catalyzing formation of 1 ;&mole of carbamyl aspartate per h under conditions described.
The following observations provide evidence that the assays of ATCase activity are equally valid whether they are used with extracts of exponentially growing cells or extracts of stationary phase cells (in which ATCase has been partially inactivated). Extracts from exponential and stationary phase cells were dialyzed for 8 h at 4 C against buffer A; no significant alterations in ATCase activity were detected after dialysis. This result indicates that the apparent ATCase activity was not affected in our assays by changes in small molecule pools in the cells. Assays of extracts from exponential-and stationary-phase cells gave a linear dependence of carbamyl aspartate formation on the amount of enzyme added in the range from 0.04 to at least 2.5 ,gmol; the activity in both extracts was stable to incubation in buffer A at 37 C for 3 h. The pH optimum and apparent Michaelis constants for substrates were essentially the same in exponential-and stationary-phase cell extracts. These observations indicate that stability and optimal assay conditions for ATCase are not altered during the transition of cells from exponential growth to the stationary phase.
Protein was determined by the Lowry method (16) using crystalline bovine serum albumin as the standard. (18) . The changes in ATCase activity are not directly caused by the pH changes, since they also occur in a strongly buffered medium where the pH is constant. The very low ATCase activity in the early and mid-log phases of growth is probably a consequence of repression by pyrimidines in the nutrient broth, because the activity increases earlier when the cells are grown on minimal medium. This pattern of ATCase development is identical to that previously described by Deutscher and Kornberg (4) .
Evidence indicating that ATCase is not excreted. Deutscher and Kornberg (4) suggested the possibility that ATCase may be excreted from the cells during the postexponential period rather than inactivated. This suggestion was tested by assaying for ATCase activity in the culture fluid using the sensitive isotopic assay of Porter et al. (19) . Evidence indicating that ATCase is not inactivated by a general proteolysis. The elaboration of several intracellular and extracellular proteases by sporulating bacteria has been well documented (11, 21) . The involvement of these proteases in a generalized protein turnover during sporulation (17) and in several cases of inactivation or proteolytic modification of specific enzymes during spore formation (14, 22) An alternative approach to the question of involvement of proteases in ATCase inactivation is to determine whether the enzyme is inactivated in mutant strains lacking proteases. Deutscher and Kornberg (4) have shown that ATCase was inactivated normally in a protease-negative asporogenous strain BS-E22, whereas another enzyme that is rapidly inactivated during sporulation, IMP dehydrogenase, was stable. We have extended these observations by studying ATCase inactivation in two well characterized mutants of B. subtilis lacking intracellular proteases (J. H. Hageman and B. C. Carlton, J. Bacteriol., in press). Strain L-4 was shown to lack a EDTA-inhibitable "neutral" protease and to sporulate normally. Strain S-87 is markedly deficient in a di-isopropylfluorophosphate-inhibitable protease, retains sensitivity to phage 4e during the stationary phase (unlike the parent strain 168) and is oligosporogenic. Inactivation of ATCase during postexponential phase is normal in both mutant strains. This result excludes involvement of the proteases in question in the inactivation of ATCase.
The results with mutant strains and incubation of extracts indicate that ATCase inactivation is not a consequence of generalized proteolysis, but do not exclude the possibility that a specialized protease is involved. Such a protease would possess an extremely unusual dependence on energy metabolism, as is demonstrated below.
Metabolic requirements of ATCase inactivation. The nature of the ATCase inactivation process was further examined in a series of experiments in which we attempted to interrupt the inactivation process after it had begun in postexponential phase cells.
It is well known that organic acids accumulated during growth on glucose are utilized via the tricarboxylic acid cycle with consequent extensive oxygen uptake during the postexponential phase (27) . The importance of the tricarboxylic acid cycle for sporulation has been amply demonstrated (27, 28) . Interruption of the metabolism of organic acids by substitution of argon for the air that was bubbled through the culture immediately brought about a cessation of the normal inactivation of ATCase (Fig. 3) . There actually appears to be some increase in the amount of ATCase in the experiment shown, although in other experiments there was no increase during oxygen starvation. When aeration of the culture was resumed, utilization of organic acids began (Fig. 3) .
Anaerobiosis may prevent ATCase inactivation by preventing tricarboxylic acid cycle activity and energy-yielding metabolism, or the inactivation may require molecular oxygen directly. To decide between these possibilities, fluoroacetate, an inhibitor of the tricarboxylic acid cycle, was added to postexponential phase cells. The addition of 10 mM fluoroacetate to early stationary phase cells of B. cereus has been shown to reduce sporulation frequency by 10'-fold (8) . This concentration of fluoroacetate had little effect on ATCase inactivation, but the addition of 50 mM fluoroacetate substantially inhibited ATCase inactivation (Fig. 4) . This result suggests that some aspect of tricarboxylic acid cycle activity rather than oxygen per se is required for ATCase inactivation. This conclusion was also reached from the observation that addition of 50 mM sodium azide, an inhibitor of the terminal oxidase, to postexponential phase cells inhibited ATCase inactivation for about 2 h before the cells began to lyse in large numbers. In an attempt to determine whether organic acid metabolism by the tricarboxylic acid cycle or oxidative phosphorylation linked to the cycle is involved in ATCase inactivation, the effects of uncouplers of oxidative phosphorylation were examined. The addition of 75 ug of carbonyl cyanide m-chlorophenylhydrazone (m-CCCP, reference 12) per ml to postexponential phase cells in which ATCase inactivation has begun inhibited the inactivation completely for nearly 2 h (Fig. 5) . In the subsequent 2 h, 90% of the cells lysed, and the total ATCase activity found in the cells dropped sharply. We have attempted to correct for loss of ATCase into the culture fluid during lysis by determining the specific activity of the ATCase in those cells that were recovered by centrifuging (Fig. 5) Addition of azide and m-CCCP during the exponential phase of growth (before ATCase inactivation has begun) resulted in rapid inactivation of ATCase before significant cell lysis occurred. The question is why these substances that inhibit inactivation of ATCase in the postexponential phase in a glucose-nutrient broth medium do not inhibit inactivation when they are added to ¢ells in exponential growth. The explanation, ,ve believe, lies in the fact that these inhibitors block the only significant source of metabolic energy in postexponential cells, that is, oxidative phosphorylation, whereas exponential phase cells growing on glucose have nonoxidative pathways of ATP generation available to them. It would be desirable to test this hypothesis by demonstrating a requirement for metabolic energy for the inactivation of ATCase in cells whose growth was interrupted during the exponential phase. Several attempts to harvest exponentially growing cells quickly and resuspend them in medium lacking a carbon source or oxygen, or both, yielded equivocal results because of extensive lysis of the cells.
The use of metabolic inhibitors is subject to uncertainties about the site and specificity of their action, so we have attempted to test the above conclusions by use of mutant strains of B. subtilis, isolated by Carls and Hanson, that have well characterized lesions in tricarboxylic acid cycle enzymes (1) . Two mutant strains were examined: HSlA11, which contains no aconitase, and HS1A13, which is deficient in succinic dehydrogenase. In both mutant strains the rate of inactivation of ATCase during the postexponential phase is less than 20% of the rate in the parent strain, 168 (Fig. 6A) (28) . The addition of gluconate also markedly stimulates the inactivation of ATCase when added to HSlA11 cells in which the inactivation is proceeding very slowly (Fig.  6B) . Since gluconate cannot supply metabolites lacking in the aconitase mutant, these results strongly support the conclusion that it is the generation of ATP (or possibly electron transport) rather than metabolism of organic acids by the tricarboxylic acid cycle that is essential for ATCase inactivation. The results of experiments with uncouplers of oxidative phosphorylation indicate that ATP generation, not electron transport itself, is required. It is interesting that, although gluconate restores the ability to inactivate ATCase to the mutant strain, the ability to sporulate normally is not restored by gluconate alone (28) .
Effects of inhibitors of protein and RNA synthesis on inactivation of ATCase. A requirement for metabolic energy for ATCase inactivation could simply reflect a requirement for synthesis of a protein involved in the inactivation process, although one would expect that once the inactivation was underway, any protein required would be present and energy deprivation would not prevent its action, unless the protein were very unstable or consumed in the process. To probe these questions, the effects of antibiotic inhibitors of RNA and protein synthesis were examined. The inhibitors were added to exponentially growing cells, before ATCase inactivation has begun, and to postexponential phase cells when the inactivation is in progress. Addition of an excess of either rifampin or chloramphenicol to cells in the exponential phase blocked growth and induced rapid inactivation of ATCase (Fig.   6 ., FiG. 6. ATCase inactivation in a tricarboxylic acid cycle mutant. A, Strain HSIAII was grown as described in Fig. 1 (23) . The inactivation of ATCase after glucose exhaustion ( Fig. 1 and reference 4) ATCase content of the repressed cells was constant for more than 2 h during exponential growth. Only after the cells entered the stationary phase did the inactivation of ATCase begin. This experiment offers further support for the proposal that ATCase inactivation is a specific process, the beginning of which is signaled by the end of rapid growth.
DISCUSSION
The foregoing experiments have demon strated that the inactivation of ATCase in stationary-phase B. subtilis cells is dependent upon the continued generation of metabolic energy. We would like to consider the ways in which this metabolic energy might participate in the inactivation of ATCase.
(i) The metabolic energy might be required for an active excretion or compartmentalization process by which the enzyme is removed from the cytoplasm. We have excluded this possibility because ATCase is not excreted (at least in active form), and the combined lysozymesonic disruption techniques used for rupturing cells would be expected to release the enzyme from subcellular compartments.
(ii) ATP (and other nucleotides) might simply be required for synthesis of an "inactivating protein" involved in the inactivation process. It is unlikely that this is the case, because addition of chloramphenicol or rifampin to growing cells does not prevent the inactivation of ATCase. However, addition of these antibiotics to stationary cells, in which the inactivation is underway, does interfere with the inactivation, at least partially. This apparent contradiction may be resolved in several ways. The mechanism of inactivation in interrupted exponential cells could be fundamentally different from that occurring in cells that have exhausted glucose such that RNA and protein synthesis are required in the latter case, but not the former. This seems unlikely, but attempts to test the suggestion experimentally have not been successful. A second possibility is that protein synthesis is not directly required for the inactivation process, but that a protein required for the inactivation process is subject to rapid proteolysis during the stationary phase, and that the inhibitors act to prevent further synthesis of the "inactivating protein." The same protein would presumably be stable in exponentially growing cells, but would become unstable as a consequence of appearance of protease activity in stationary cells. A third explanation is that the effects of the antibiotics Z, .1 E. on the inactivation in stationary cells are indirect, that is, the consequence of some secondary alteration in cellular metabolism rather than direct inhibition of a protein synthesis-dependent inactivation process. We tend to prefer this interpretation for two reasons. First, chloramphenicol does not inhibit the inactivation immediately after addition, but permits it to continue for 30 to 60 min before it ceases. Second, the effects of rifampin and chloramphenicol should be identical if both act directly to block the inactivation by preventing protein synthesis, but their effects are quite different.
(iii) Metabolic energy could be required for continued formation or utilization of a critical metabolite or metabolites that act as effectors or regulators of the inactivation process. It is likely that the inactivation of ATCase is regulated by some "signal" that indicates the metabolic state of the cell. Some considerations of the possible identity of this "signal" are given below, but until the nature of the "signal" is more precisely defined, the question of the continuous requirement of metabolic energy for its presence must remain unanswered.
(iv) ATP or a metabolite derived from ATP might be directly involved in the inactivation (10, 15, 25) have described extremely interesting alterations in the activity of threonine dehydratase and aspartokinase in B. licheniformis. In these cases the effects of anaerobiosis and antibiotics suggest that the mechanism of the alterations is rather different from that involved in ATCase inactivation. The direct involvement of proteolysis in inactivation of enzymes during sporulation has also been implicated in several cases (4, 9) . A requirement for metabolic energy for the turnover of proteins has been reported by several workers (for example, reference 7 and sources listed therein), but the details of such processes remain obscure. It is likely that a variety of mechanisms of inactivation will be eventually uncovered. ADDENDUM 
